
. .  .. .. i .- e- 

.. - 
.. - 

RESEARCH MEMORANDUM 

INVESTIGATION OF THE PERFORhMNCE O F  A TURBOJET  ENGINE 

WITH  VARIABLE-POSITION COMPRESSOR INLET GUIDE VANES 

October 4, 1955 . . -  . .  _ I  .. .. ' ' .  t - % 3  



w 
cn rp 
0, By b y  E. Budinger and Harold R. Kaufman 

SUMMARY 

3 
3 

A 9000-pound-th-ust turbojet  engine wtth var iable-posi t ion  cwres-  
s o r  inlet guide vanes was investigated  in order t o  determine  the  effects 
of guide-vane angle changes on the compressor,  c-ressor stage, and 
over -all engine  performance . 

The results of the  investigation showed that increasing the inlet- 
guide-vane turning by cloeing the vanes  decreased  the campressor cor- 
rected.weight f low,  a d  pressure ratio, and at high speeds, slightly de- 
creased the efficLencg of this compressor along a steady-state  engine 
operating  line. Compressor surge also occurred at a loner value of 
total-pressure  ratio and corrected weight flaw at a constant  speed with 

w increased guide-vane turning. The changes i n  compressor  performance at 
high speeds with guide-vane  aajustment could be attr ibuted primarily  to 
the changes i n  performance of the first stage. Increasing  the  inlet- 
guide-vane turning shifted the  f irst-stage performance  curves toward 
lower values of flow coefficient,  pressure  coefficient, and  temperature 
coefficient. Stages downstream of the f i rs t  stage were essent ia l ly  un- 
affected by  guide-vane  adjustment i n  the h3&-speed range of operation. 

r 

With the   in le t  guide vanes i n  the open position, the performance of 
the  second-through-fourth-&age group indicated  an  abrupt stall in the 
region of campressor operation  &ere poor  engine  acceleration  character- 
f s t i c s  were encountered. With the inlet guide V&ES in the closed pas$- 
tfon, the abrupt stall cha;racterietic of this stage group was eliminated 
and the engine  acceleration  characteristics were  improved. 

The over-all  engine performance showed that increasing  the cozqpres- 
sor inlet-guide-vane turning at a constant value of corrected  engine  speed 

while  specific f u e l  consumption W&B increased  in  the  high-speed  range of 
operation. The engine  performance also showed that guide-vane  adjustment 

t h r u s t  response is desired without  the time lag associated with engine 
speed  changes . 

c arid exhaust-nozzle mea decreased  net t h r u s t  and  exhaust-gas  tenrperature, 

.) could be used fo r  t h r u s t  modulation at high engine speeds w h e r e  quick 
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In the development of  more efficient  engines, compressor preseure 
r a t io s  have been consistently  increased. With a ffxed-geometry single- 
spool compressor, high design  pressur'e r a t io s  aggravate the part-speed 
operating problems and, thus,  restrict   the  acceleration  capabili t ies of 
t he  engine.  Several  solutions t o  these problems, such as interstage o r  
discharge air bleed and inlet baf'fles have been suggested  or used (refs. 
l t o  3). Variable-position inlet gutde vanes have also been used to  im- 
prove the acce le ra t ion   ckac te r i s t i ca  of high-pressure-ratio single- 
spool  engines. 

An investigation has been  conducted in an a l t i t ude   t e s t  chamber a t  
the NACA Lewis laboratory  to  determine  the  engine, compressor, ar,d 
compressor-stage  performance of a 9000-pound-thrust axial-flow  turbojet 
engine with variable-position compressor i n l e t  guide  vanes. This in- 
vestigation was conducted a t  a s imuhteda l t i tude  of 35,000 fee t  and a 
flight Mach  number of 0.8. A range of  corrected engine speeds from 
a2proxlmately 65 t o  lo0 percent  -of  rated  speed were investigated at 
three  exhaust-nozzle  areas and four inlet-guide-vane  positions. me . .  

exhaust-nozzle  area was varied from 97 to-Il"jxrci%t of".the rated  area 
and the  variable-position  guide  vanes.were  rotated  through 30' from the 
open to.  the  closea  position. Engine performance, over-all compressor 
performance, and congressor-stage  performance were determined at the 
various test conditions. In addition, a simplified  flow  analysis x&s 
made t o  estimate the  effect of guide-vane  angle changes on the f l o w  dis- 
tributions  entering  the first rotor-blade row. 

APPARMLTJS 

Engine. - The turbojet  engine has' a 1Z-stage-  axial-flow  compressor, 
a two-stage  turbine,-and is i n  the 9W-pound-thrust  class. The normal 
engine  control was modified for  this Fnvestigation  to permit positioning 
the i n l e t  guide vanes independently o f  speed. A variable-area  jet  ex- 
haust nozzle was @so instal led i n  order  to  obtain a range of compressor 
pressure  ratios a t  a conatant value of: corrected  engine  speed and guide- 
vane set t ing.  

. .  

Compressor. - The 12-stage compressor. had a constant t i p  diameter of 
32 inches,  an inlet hub-tip diameter rat io .  af 0.45,a~d &.design t i p  
speed of U W  feet  per second. The adjustable  inlet  guide  vanes fo r  this 
investigation were rotated through 300 from the .@en to  the  closed gosi- 
tion. The open positton  represents  an.angle between the  engine  center- 
l i ne  and a tangent  near  the  leading  and'trailing edge of the vanes 
(obtained by laying a straight-edge aqoss the pressure  surface) of  zero 
at the  root  and 13' at the t ip .  The set t ing angle a t  the t i p  was used to  
define  inlet-guLde-vane  position;  hence.UO is open and 43O is closed. 

" 

" 

Y 
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The open, or 13O guide-vane sett ing,  is the standmd  position for design 
speed  operatton of the  engine. 

INSUTIm AND INSTRUMENTATION 

Altitude test chaniber. - A sketch of  the a l t i t u d e  test chamber and 
some of i t s  associated  ducting i s  s h m  in  f igure 1. The test bed on 
which the engine w a s  mounted is connected by a linkage t o  a balance 
diaphragm fo r  t h r u s t  measurement. A screen and honeycomb are   ins ta l led  
upstream of the test chamber t o  insure strafght in l e t  air flow. A bell- 
mouth cowl w a s  ins ta l led  on the front  bulkhead to  obtain a uniform  veloc- 
i t y   p r o f i l e  at the inlet of the compressor. 

Instrumentation. - The location of the  engine and compressor instru- 
mentation  stations  together  with  schematic  sketches of the instrumenta- 
t ion at the engine inlet and exhaust nozzle inlet   are   shorn i n  figure 2. 
A table is  a l so  inlcuded in   f i gu re  2 giving the number and  types of meas- 
urements obtained at all fnstrument  stations. The compressor interstage 
instrumentation  located at s ta t ions 2a through 2d after the first, fourth, 
seventh, and tenth  stage  stator rows respectively  (fig. 2) consisted of 
fixed radial rakes f o r  measuring total   pressure and t o t a l  temperature. 
Each rake had f lve  measuring t i p s  which were located a t  area  centers of 
equal  annular areas. A l l  pressures were measured with alky-azene o r  mer- 
cury manometers and photographically  recorded.  Temperatures were  meas- 
ured with iron-constantan and  chromel-alumel  thermocouples  and were re-  
corded by self-balancing  potentiometers. Engine speed w a s  measured  by 
a chronometric  tachometer  and fue l  flow with a calibrated rotometer. 

PROcm 
The inlet-air t o t a l  t e q e r a t u r e  and pressure and the static pressure 

i n  the test  section  surrounding  the  exhaust  nozzle were maintained at 
values  corresponding t o  an  a l t i tude of 35,000 feet and a flight Mach 
umber of 0.8. The data were obtained along a steady-state  operating 
l i n e  at a fixed value of  exhaust-nozzle area. The ewne WBS operated 
over  a  range of corrected  speeds f r o m  approximately 65 t o  100 percent 
of rated  speed at three exhaust-nozzle  areas for  each of four  inlet-  
guide-vane sett ings.  The exhaust-nozzle  axeas were 97-, loa-, and U9- 
percent of the rated area and the  guide vane set t ings at the   t i p  were 
13O, 20°, 30°, and 43'. A few preliminary data points were also obtained 
at a 5' guide-vane sett ing.  However, the data indicated that compressor 
and  engine  performance  decreased at this se t t ing  and, consequently, no 
further data were obtained. 

The symbols and the methods of qer imental   data   reduct ion  me  given 
i n  appendixes A and B, respectively. 
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OVER-AIL COMPRESSOR PERFORJWNCE CHARllCTERISTICS 

The compressor  performance maps &?e shown i n  figure 3 as pressure 
ratio  plotted  against   percent of rate4  corrected weight flow wlth ef-  
ficiency  contoms  sqerituposed. These maps were determined by interpo- 
l a t ion  of the data obtained along steady-state  engine  operating  lines 
for each  combination of exhaust-nozzle  area  and  guide-vane se t t ing  
investigated. 

Compressor performance charac te r i s t ics   a t  open (130) guide-vane 
osit ion.  - A t  rated corrected weight . f l o w  and with the  guide vanes i n  

:he design  speed o r  open (13O) position,  the compressor  produced a total-  
pressure  ra t io  of about 6.8 a t  an efficiency  of 0.81 (fig.  3(a)). With 
the guide vanes i n  the open position,  engine  acceleration was possible 
b u t  d i f f icu l t   ( re f .  4). Consequently,  engine  acceleration time was 
excessive  with the guide vanes i n  the open position. The poor cmpres- 
sor performance i n  the low and intermediate  speed  range a t   the  &en 
(U0) guise-vane position i s  not shown in  f igure 3(a) because of the 
limited amount of data obtained at low speeds aurin@; this investigation. 
However, a detailed compressor  performance map at the open guide-vane 
position is presented  for  another  engine of the same model i n  reference 5. - 

The compressor  performance i n  the low and intermeaiate speed region, a8 
shown in reference 5, is affected by changes i n  cocnpreesor s ta l l  charac- 
te r i s t ics .  A t  low speeds, the hot-wire-anemometer data presented  in 
reference 5 indicated a complete ring stall of the compressor which was 
confined t o  the tip  region. As speed wa6 increased,  the complete ring- 
type t ip  stall  abruptly changed t o  a s ingle   rotat ing stall which wa8 also- - 

confined t o  the outer  one-half  of  the  annulus. The single  rotating stall 
decreased in  circumferential  extent  while  maintaining  an  approximately 
constant  radial  depth  with  further  increases  In  speed. When the engine 
m s  accelerated  to a corrected  speed of approximately 85 percent  of  rated 
speed, all stall  disappeared from the compressor. I n  the  regions of en- 
gine  operation  &ere  the compressor s t d l  characterist ics changed, double- 
valued  performance was obta5ned. Tbe poor engine  acceleration  character- 
i s t i c s  with the guide vanes i n  the open position  could  probably be attri- 
buted to   t he  poor and unstable nature of the compressor performance due 
t o  changes i n  cou~pressor stall characterist ics i n  the low and  intermedi- 
ate speed  range. 

P -  

" -  

. -  - 

Effect of  guide-vane  adjustment on compressor  performance character- 
i s t i c s .  - In the high-speed  range of  engine  operation,  incresaing  the 
guide-vane turning by successively closi-ng the vaneg.fx-g.t&e .go t o  the- 
430 sett ing  resulted in a decrease in  corrected weight flow, pressure 
ra t io ,  and a alight  decrease  inefficiency at constant  values  of  corrected 
engine  speed and exhaust-nozzle . . . w  ea as shoyg - in  7gi&u-e--3r.. - The largest- 
decrease i n  compressor  performance occms a t  design  speed with progresaive- 
ly smaller decreases  fn  performance  being  obtained as the engine  speed is 
reduced. A t  design speed and closed emust-nozzle posftion, a i c h  is 

- .  ." .' 
.._- - " 

, 
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4 97 percent of  the rated  nozzle  area,  the  conpressor  corrected weight  flow 
decreased  to  approximately 80 percent of ra ted w e i g h t  flow, the  pressure 
ratio  decreased from 7.0 t o  5.2, and the  efficiency was decreased  about 
five  points  in  closing  the gu-lde vanes from the 13O t o  the 43O set t ing.  

Tae constant  corrected-speed  lines Ghown in  f igure 3 a r e  also af- 
fected by guide-vane  adjustment. These lines tend to  become ver t ica l  
a t  lower values of corrected  speed with increased guide-vane turning. 
The fac t  that only  one value of mass f l o w  can  be obtained  along the CN 

VI 
I+ vertical  constant  corrected-speed  lines  indicates that the first rotor  
m is choked. Consequently, it is apparent that increasing guide vane turn- * 

ing-is  reducing the compressor weight flow and  speed at which f low sepa- 
ra t ion and resultant  local  sonic Mach numbers are  obtained  in  the first 
rotor 

H f e c t  of guide-vane  adjustment on compressor surge  characteristics. - 
The resu l t s  of an  acceleration  investigation of this engine  (ref. 4) 
showed that closing the compressor inlet guide vanes  improved the  engine 
acceleration  time. The data obtained f o r  the present  investigation  did 
not extend  into a low enough speed  range t o  evaluate the source of im- 
provement. The effect  of Met-guide-vane  adjustment on the compressor 
surge  l ine at high speeds as determined from transient data is  shown i n  
figure 4 as.compressor  pressure ratlo at surge  plotted  against  percent 
of rated  corrected speed. Changing thk  inlet-guide-vane setting from , 

13' t o  20° had no noticeable  effect on the compressor  surge  pressure r a t i o  
i n  the range of  speeds  presented. Closing the guide  vanes  further t o  the 
300 and 43O settings caused  coqressor  surge t o  occur at a lower pressure 
r a t i o  at a constant value of corrected speed.  Since the maximum flow fo r  
a given  characteristic  curve  in  the  high-speed  range  decreased with in- 
creased guide-vane  turning,  campressor  surge mu&% also occur at a lower 
value of corrected weight flow (fig. 3). An extrapolation of the  charac- 
t e r i s t i c  curve; of figure 3 t o  the surge pressure ratios e v e n   i n   f i g -  
ure 4 indicates that the compressor surge  line  in  the  high-speed  range 
does not change appreciably with guide-vane  adjustment when plotted  against  
corrected weight flow. No surge data were avai lable  in  the  intermediate 
speed  range,  but,  because of the improvement i n  engine  acceleration  char- 
ac t e r i s t i c s   ( r e f .  4) , it is very  probable that the shape of the  surge  l ine 
and,  hence, pressure-mtio margin available for acceleration in th i s  speed 
range were improved by  guide-vane  adjustment. 

- 
5)  

L A two-dimensional o r  mean l ine  analysis  of the effect  af inlet-guide- 
vane adjustment shows that closing the guide V & U ~ B  will reduce  the mean 
value of angle of  attack  entering  the first ro to r .  Consequently, on the 
basis  of this type of analysis,  srifficient guide-vane  adjustment would 
appear to  increase  the  stall-free  range of the inlet   s tages  and the 
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attendant  deterioration of compressor perfomnce  a.asoclated with stall b 
i n  the low and  intermediate  speed  range. Because this  type  of  analysis 
neglects the effects  of changes in   the:radial   d is t r ibut ion of flow, a 
three-dimensional analysis was made aSBUing simple radial  equilibrium 
a f t e r  the w i d e  vanes. The method for  determining the velocity dis- 
t r ibut ion downstream of the guide vane6 is outlined  in  reference 6. This 
method requires a knowledge of the guide-vane turning  angle and the weight 
flow. Since  the  guide-vane  leaving  angle m s  not measured, i t  was as- 
sumed that the design values  of  guide-vane  turning  angle  existed a t   the  
design  guide-vane  set3ing. The t-urning _Rngles.. at- the f o a  guide-vane 
set t ings from 13O t o  43O were then  determined by adjusting the design 
values  of guide-vane turning  angle by 0.9 of the cwnge  in  setting  angle. 
This 0.9 value was assumed to  represent the slope of  the cascade  curve 
of  turning angle aga ins t  angle of attack. The radFal distribution of 
guide-vane turning  angles  used  for  the:siruple radial equilibrium  analy- 
SfS ere  presented  in  figure 5. These turning-angle  dlstributions will 
give a qual i ta t ive  picture  of the trends which m i g h t  be expected with 
guide-vane  adjustment. However, the 300 range of angle of attack on the 
inlet guide vanes  considered i n  this analysis KULL affect the magnitude 
Of the guide-vane losses as w e l l  as the  turning angles and thus will af- 
f e c t  the magnitudes of the velocities  obtained  in the analysis. 

4 t+l 

-. 
. .  

The radial   distribusion of  flow  entering the f irst  rotor was com- 
puted,  satisfying  the simple radial  equilibrium  condition at the correct- 
ed weight flow at design speed given i q  f-lgure.> 3*.. The cmputed va lues  .. 

o f  axial 'velocity,  angle of  attack, and r e l a t ive   i n l e t  Mach  number dis- 
tr ibutions a t  the four guide-vane settings are shown i n  figure 6. In- 
creasing the guide-vae  turning  reduces the mean value of angle of attack 
and the inlet Mach number relat ive  to   the  rotor ,  indicating unloading of 
the first rotor  and,  hence, a decrease - in   f i rs t -s tage  pressure  ra t io  at 
design  speed. The change in  axial-velocity  distribution in combination 
with the change i n  corrected weight flow a t  design  speed resulted i n  
higher angles of .a t tack  in  the t i p  region  of the f i r s t  rotor with in- . 

creased  guide-vane  turning  (fig. 6).  Since the tip  region is  normaUy 
qu i t e   c r i t i ca l  as t o  stall, a s i m i l a r  a;naJ-ysis waa conducted for  the 
range  of  speeds i n v e s t t e t e d   i n  order Go obtalQ .an. baScation .of the . 

effect  of guide-vane se t t i ngang le  on the t ip angle of attack at speeds 
lower than  design. The result ing t ip  angles of attack are presented i n  
f i g u r e  7 as a function of corrected  engine  speed  for  the  four guide-vane 
settings investigated. A t  all speeds  5-nvestigated,  the t i p  angle of 
attack  entering the f i r s t  rotor  increased with increased guide-vane turn- 
ing. Thus, f t  might  appear that the t i p  blade sections are made more 
c r i t i c a l  as the guide-vane turning angle is increased. 

In  addition  to the angle of  attack, the performance as determined 
by the loss and the  an$le-of-at&ck  range a t  low loss'of a blade  section 
is a function of the blade  loading.  Therefore, i n  order t o  determine the 

t 
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effect  of  guide-vane  adjustment  on the f i rs t  rotor  loading, a simple 
radial equuibrium  analysis w a s  made downstream of the rotor.  Carter's 
rule (ref.  7)  for  circular-arc mean-camber-line blading was used t o  de- 
termine the rotor-outlet   relative flow angles. With these angles known 
and with simple radial equilibrium  and  continuity satisfied a f t e r  the 
first rotor, the rotor-outlet flow dist r ibut ion was determined  by the 
method given in   reference 6. The first rotor  loading as defined by the 
rotor  diffusion  factor, a blade-loading  parameter  presented in   reference 
8, is shown in   f igure  8. This pazameter indicates that the first rotor  
loading  decreases  across the entire  blade span d t h  increased guide-vane 
turning.  The.lower  loading  and also the lower  values  of relative inlet 
Mach  number obtained with increased guide-vane turning will tend  to  in- 
crease the stall-free  or  efficient  operating  range  of the first rotor.  
However, the higher t i p  angles of attack may use  up a l l ' a v a l l a b l e  range 
so that no net  gain would be obtained i n  the t i p  region. 

The axial velocity  distribution at the outlet  of the first rotor  €s 
also shown i n  figure 8 a t  design  speed. The analysis shows that the 
magnitude  and radiaLdistr ibut ion of axial velocity at the  out le t  of the 
first rotor remain essent ia l ly  unchanged with guide-vane  adjustment ex- 
cept f o r  a slight decrease i n  the mqpitude of velocity at the 43O guide- 
vane setting. Since the magnitude  and distribution of axial velocity 
are unchanged with guide-vane  adjustment, the out le t  flow coefficient 
from the first rotor will remain the same. Therefore, this analysis ' 

indicates that the performance  of all blade rows downstream of the f i rs t  
rotor  should not be  affected t o  any great extent   in  the 300 range of 
guide-vane  adjustment  considered  herein. However, the analysis must be 
qual i f ied  in  that it merely represents  trends  because the effect  of 
changes i n  guide-vane  and rotor s t d l  characterist ics and attendant  losses 
in  addition t o  possible stage interaction  effects  associated with guide- 
vane adjustment are not considered. 

In summary, the analysis showed that the change in axial-velocity 
dis t r ibut ion  required  to   sat isfy sinrple radial equi l ibr ium after the guide 
vanes resulted in a decrease i n  angle of attack  across a l l  b u t  the t i p  
region of the first rotor with increased guide-vane turning. The de- 
creased mean value of angle of attack and  lower r e l a t i v e  inlet Mach  num- 
bers obtained  across the en t i re  blade span resulted i n  decreased  loading 
and,  hence, decreased pressure rat io   across  the f i rs t  rotor  at design 
speed. The decrease i n  rotor   pressure  ra t io  compensated fo r  the decrease 
i n  campressor corrected air  flow with increased guide-vane turning so 
that the rotor-outlet   axial   velocity remained  about the same both in mag- 
nitude  and radial distribution.  Therefore, the analysis indicated that 
at design  speed the performance of blade rows cbwnstreaa of the f i rs t  
rotor would not be appreciably changed by the range of guide-vane adjust- 
ment considered. The trends s h m  by  the analysis m e  considered  indica- 
t i ve  of the effects of  guide-vane  aajustment; however, the magnitudes 
w i l l  be affected by changes i n  gctide-vane and rotor  losses and possfble 
interaction effects,. w h i c h  could  not be considered in the analysis. 
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COMPRESSOR-STAGE GROUP PERFORMAWCE CHARACTERISTICS 
c' 

The compressor interstage  instrumentation made it possible t o  de- 
termine the performance of  the fol loxfng stage groups: f h s t  stage, 
second  through fourth  stages, f i f t h  through seventh stages, eighth 
through  tenth stages, and the eleventh and twelfth stages. The perform- 
ance character is t ics  of these  stage groups &re presented  in terms of 
dimensionless  pressure  coefficient,  teuperature  coefficient, and adi- 
abatic  efficiency  plotted  against  flow  coefficient  in  figures 9 t o  14 
for  the  four  inlet-guide-vane  settings  investigated. The dimensionless 
stage-performance  parameters are  defined  in appenaix B. 

Performance cha rac t e r i s tk s  of f i rs t  stage. - The f i rs t -s tage  per-  
formance (fig.  9 )  shows that closing the in l e t  guide vanes shifts the 
stage  curves tow& lower va lues  of pressure  coefficient,  temperature 
coefficient,  and flow coefficient. This trend is the  same a8 that ex- 
hibited by the first stage of  the compressor reported in   reference 9. 
The shift in  the  f irst-stage  curves results f r o m  the f ac t  that, in  order 
t o  obtain the same  mean v a l u e  of angle of a t tack wLth increased  guide- 
vane turning, the inlet flow coefficient must decrease. At any given 
speed, the  reduction in the mean axial velocity  required  to  obtain  the 
same mean value  of angle of attack Kfll decrease the stage  energy addi- 
t ion  and, hence, nill decrease the stage pressure and temperature 
coefficients.  - 

. "  

.d. 

The efficiency of the first stage  (fig. 9)  is abnormally low; having 
a peak value of approximately 0.67 at-& guide-vane sett ings.  The low 
efficiency of this stage may be a t t r i bu ted  pa r t ly   t o  the f a c t  that the 
inlet-guide-vane  losses were included in the performance evaluation of 
the first stage. With the guide vanes in   the  open position (l30), the 
previous  analysis at design  speed  indicated a high r o t o r  t ip  loadlng, 
which is indicative of a low t ip   eff ic iency as shown in   reference 8. 
With the  guide vanes i n  the closed  position (43'), this loading parame- 
ter decreased Ln .the t ip   region (f ig .  8) . However, the high guide-vane 
angle of a t tack  at this setting probably  causes flow separation and in- 
creased  guide-vane losses, wbich " keep the f i rs t -s tage  eff ic iency 
low . 

r 

The vertical  constant  corrected speed lines exhibited by the com- 
pressor with the guide vanes i n  the closed  position (4301, shown i n  
f igure 3(d), can be  explained by the performance of the first stage 
(fig. 9).  A t  the 43O guide-vane set t ing,  all data points  except  those 
obtained at the lowest speeds l i e  on the v e r t i c a l  portion of the first- 
stage performance  curve (fig.  91, thus indicating that the first stage 
is choked. Consequently, the f i rs t  stage is  operating a t  a constant 
va lue  of  flow  coefficient and, therefore, only one value of conrpressor 
corrected air flow can  be  obtained at each  speed. The negative  pressure 
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coefficients  obtained  across  the first stage with the guide vanes i n   t h e  
closed (43") posit ion shown i n  figure 9 can  probably be at t r ibuted t o  
increased guide-vane  and rotor  losses.  The increased  losses are caused 
by high posi t ive angles of attack  entering the guide vanes  and low nega- 
t i ve  angles of attack, par t icu lar ly  in the hub region  entering the first 
rotor  as  indicated by the results of the analysis s h m  i n  figure 6. 

Performance characteristics of stages two through four. - The per- 
formance of the  second-through-fourth-stage group sham i n  figure 10 
s h m  only a slight reduct ion  in  maximum flow  coefficient due to  closing 
the inlet guide vanes. The analysis of  guide-vane aajustment at design 
speed which corresponds to the maximum flow portion of the inlet-stage 
curves  indicated this effect. The analysis showed that the decrease 
i n  compressor corrected weight flow was compensated fo r  by decreased 
loading  or pressure rat io   across  the first rotor with increased  guide- 
vane turning.  Therefore, the flow coefficient at the inlet t o  the sec- 
ond stage is primarFly a function of speed  and  not  guide-vane  position. 
The performance  curves of the second-through-fourth-stage g r o ~  (fig.  10) 
i n  the high flow-coefficient range (above approximately 0.4) indicates 
that closing the inlet guide vanes slightly decreases the pressure coef- 
f i c i e n t  and  temperature  coefficient in   addi t ion t o  the decrease i n  maxi- 
m m  f l o w  coefficient . However, the magnitude  of the decreases i n  per- 
formance of this stage group i n  the designated flow range is slight i n  
camparison wLth the changes in performance  of the first stage. 

In the low flai-coefficient  range (below approximately 0.4), the pres- 
sure  coefficient and adiabatic  efficiency  characterist ics of the second- 
through-fourth-stage group ( f ig .  10) improve as the inlet guide  vanes 
are closed. W i t h  the guide vanes i n  the open posit ion (130) there is 
an abrupt drop i n  pressure coefficient as indicated by the broken l i n e  
i n  figure 10 which is indicative of an abrupt type of stall  i n  this stage 
group. The data obtained i n  the low-speed range fo r  the other  three 
guide-vane positions do not  indicate a s i m f l a r  s t a l l  characterist ic.  The 
change from the abru-pt type of staJl character is t ic  at the l3O guide- 
vane se t t i ng   t o  a more gradual  decrease i n  performance wlth increased 
guide-vane  turning, as shown in figure 10, may be due t o  changes i n  
stage interaction effects o r   t o  a change i n  radial dis t r ibut ion of angle 
of attack entering the fwst rotor as indicated  in  the analysis. The 
change i n  radial dis t r ibut ion of angle of a t tack e h m  i n  figure 6 indi-  
cates that the t i p  blade sections may be more c r i t i c a l  as t o  stall  with 
increased guide-vane turning thus  causing s t a l l  t o  be  concentrated i n  
the t ip  region. The e f fec t  of a confined t i p  stall on the pe r fomnce  
of the inlet stages with the guide vanes i n  the closed  position would be 
less severe  than the half-span s t a l l  which exists at the open guide- 
vane posit ion (ref. 5 ) .  
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Performance  characteristics of stages  one  through  four dong a 
steady-state  engine  operating line. - The  speed  and flow range  where 
stall  is  encountered in the  second-through-fourth-stage  group  at  the 
open (13O) guide-vane  position  corresponds- to the  region of operation 
where  the  compressor  performance  and  engine  acceleration  characteristics 
are  poor. In order  to  determine  the  effects of stall in  the  inlet  stages 
at the  open (13O) guide-vane position, the  variation  of  stage  performance 
along a steady-state  operating  line is presented in figure I". The in- 
terstage  data with measurements  after.  the  first  stage  were  very  limlted 
in  quantity i n  the law and  intermediate  epeed  range.  Therefore,  avail- 
able  data  obtained  on  the  same  engine  with  measurements  after  the  fourth 
stage  were  used to calculate  the perfomance of..stsges  one  through four. 
The  performance of the first four  stages is plotted  against  percent of 
rated  corrected  engine  speed  at  rated  exhaust-nozzle  area i n  figure ll. 
with the  guide  vanes  in  the  open (13O) and  closed (43O) positions. It. 
is  evident  from  figure I" that  the  performance of the f i rs t  four  stages 
changes  abruptly  in  the  corrected  speed  range  between  approximately 65- 
and  &-percent of design  at  the.13'  guide-vane  setting. A hysteresis 
loop  is  indicated  in  figure I"; the  steady-state  data  on  the right side 
of  the low were  ob'tained on an  acceleration,  and  the data, on  the  left 
side  of  the  loop on a deceleration o f .  the engine.  This  hysteresis loop in 
the  performance of stages  one  through f o u r  is probaply  the  cause  of  the 
3ouble-valued  over-all  compressor  performance  obtained in the  Intermediate 
speed  range and discussed in reference 5. In this  speed  range,  over m e -  
third of the  compressor work Input  is  accomplished in the first four stages 
Therefore,  the  compressor  performance-at  the 13' guide-vane  setting is 
penalized  severely by the  abrupt  stall  of  the  second-through-fourth- 
stage  group.  With  the gui.de vag.es_.in_.?he.  closed gosition (43') the  per- 
formance of the  first  four  stages  varies  uniformly dong the. steady-sGte 
operating  line  and  no  acceleration.problems  are  encountered.  The  pressure 
coefficient at the  closed  guide-vane  position  does  not  attain a peak  value 
in  the  range  of  speeds  investigated  for  either  the  first  stage or second- 
through-fourth-stage  group 88 shown in figures 9 and 10. Therefore, stall 
in the  inlet  stages will occur  at lower than al?proximately 65 percent of 
rated  corrected  speed  with  the  guide  vanes in the  closed (43') position. 
At the 20' and 30' guide-vane  settings,  the  flattening  out  of  the  pres- 
sure coefficient  curves  in  the low flow-coefficient  range shown in fig- 
ures 9 and 10 indicates that stall will be  encountered  on  acceleration 
of  the  engine at these  guide-vane  positions.  Because of changes  in  stage 
interaction  effects and the  fact  that. s t a l l  would  occur at a lower speed 
and, hence,  Lower  pressure  ratio  level,  the  effects of stall on compres- 
sor and  engine  performance  at  the 20°. and 30° guide-vane  settings  would 
probably be less severe than at the 530 guide-vane  setting. 

- . - . . . . .?. - ". 

Performance  characteristics of stages  five  through  twelve. - The 
performance  of the remaining  stage groups shown in figures 12 to 14 indi- 

. _  

. " 
" 

cate  that  guide-vane  adjustment has no effect on the  performance of stages 
five  through  twelve.  The flow coefficient  range of the  -various  stage 

P 
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-4 groups decreased t o  a minimum, value entering the eighth-through-tenth- 
stage group. T h i ~  stage group operated  essentially at a single p i n t  at ' 
all speeds,  flows,  and guide-vane positions  investigated as  shown i n  
figure 13. The performance of the eleventh-and-twelfth-stage group (fig. 
14) is typical  of the performance  of exit s t ages   i n  multistage axial-  
flow compressors. The design  passage  taper i n  combination with the low 
prebsure r a t i o s  of the inlet and middle stage a t  part speed  causes high 
ax ia l   ve loc i t ies  and very low values of angle of attack in the. exit 
stages  thus  producing  negative  values of pressure coefficient as sham 
in  figure 14. Increasing the speed, rapidly  decreases  the axial velocity 
in  the exit stages  thus increasing the angle of a t tack  and, hence, in- 
creasing the pressure  coeffkient  of the last-stage group. 

Summarization of  effects of  guide-vane adjustment'on stage perform- 
- ante. - The performance character is t ics  of  the individual  stage groups 
showed that guide-vane awustment  primarily d f e c t s   t h e  performance of 
the first stage of the compressor. Closing the inlet guide vanes sh i f ted  
the f i r s t - s tage  performance  curves toward lower values of f lm.coeff1-  
cient,  pressure coefficient,  and twerature coefficient. With the guide 
vanes i n  the open (19) position, the performance of the 6 e C O U d - t h r O U g h -  
fourth-stage g r o q  indicated an abrupt s t d l  i n  the region of compressor 
operation &ere poor  engine  acceleration  characteristics were encountered. 
Clos ing  the inlet guide vanes to  the 43O setting eliminated the abrupt 

and Lqroved the acceleration characteristics of the engine.  The,perfom- 
ance character is t ics  of stages f i v e  through twelve are unaffected  by guide- 

- stall .   characterist ic of this stage group i n  the speed range investigated 

* vane adjustment. . 

Over-all  engine  performance maps are presented  in   f igure 15 for  the 
f o u r  inlet-gufde-vane  positions  investigated. The performance at the 
rated nozzle area presented i n  figure 16 w a s  cross-plotted from f igure 15. 
The experimental. pressures and temperatures  deviated slightly from the 
35,m-foot  al t i tude  values.  The data were corrected f o r  these deviations. 

An increase  in  inlet-guide-vane  turning at constant  engine  speed  and 
exhaust-nozzle area (fig. 15) decreased  net t h r u s t  and  exhaust-gas tem- 
perature, while specif ic  f u e l  consumption increased. The exception  to 
this  trend was the speed range below which the inlet stages of the com- 
pressor were s t a l l e d  with the  guide vanes i n  the open (13O) position. 

L me fac t  that acceleration w8s possible at the 20° and 3 0 ~  inlet- 
guide-vane settings m i g h t  seem to  indicate  that closing the inlet guide 
vanes t o  430 is  excessive for avoiding s t a l l .  i n  the compressor. Data 
from reference 4, an acceleration  investigation on the same engine, how- 
ever, show t h a t  stall of the inlet s t a g e s  has merely  been sh i f ted  t o  

- 
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lower, speeds  and  not  eliminated by closing the in le t  guide  vanes. The use 
of increased guide-vane turning also reduces  the  engine  acceleration time, 
as shorn i n  reference 4. The data of-the.  subJect  report did not  extend 
into a low enough speed range t o  t race   the . s ta l l   charac te r i s t ics  of the 
inlet   stages of  the compressor as the inlet guide vanes were closed. . .  

c 
" 

A t  high engine speeds, the best  engine  performance was obtained 
with the guide  vanes in   t he  open (130) position. I n  order  to  determine 
if  any performance benefits  could be  Obtained by opening- the guide v u e 6  
further, a few preliminary data point8 were obtained at a 5O guide-vane 
sett ing.  The engine  performance  decreased when the guide  vanes were 5 
opened from 13' to 5O, indicating that the l3O set t ing was about opfimum 
for  the  high  engine  speeds. .. 

.. 

. " 

rn 
. .. 

- - . . . . - .. " 

As shown i n  figure 16, minimum specific fuel. conslmrption at high 
t h r u s t  levels is obtained with the inlet guide  vanes i n  .the open (13O) 
position. A t  lower t h r u s t  levels,  the minimum specific  fuel consumption 
is obtainea at the 20° inlet-guide-vane 6.etti.w. Although steady-state 
operation at low speeds m u l d  probably be l imltea t o  '"holdingt* OT 
"loitering", lower specific  fuel consumption could be  obtained by opera- 
t ion at a 20° guide-vane setting  instead of  operating  the  engine with 
the guide vane8 i n  the closed (as0) or acceleration  position. 

Variable-position  inlet  guide vanes could also be used for  t h r u s t  
modulation i n  a manner similar t a  a varfable-area exhaust nozzle. Clos- 
ing the i n l e t  guide vanes at rated speed reduced  the t h r u s t  46 percent. 
A similar thrust reductlon at the open (13') guide-vane position would 
require a 15-percent decrease i n  engiue speed. Although the magnitude 
of t h r u s t  modulation would be differeat   a t   o ther  flight conditions, 
there are situations such as landing Where a quick t h r u s t  response is 
desirable  without  the t i m e  l ag  associated with engine  speed  changes. 

S-Y OF. RESULTS 

The results of an  Lnvestigation t o  determine the effect  of variable- 
position compressor i n l e t  guide vanes on the compressor,  compressor stage, 
and  engine  performance may be summarized as follows: 

1. Increasing  the campressor  inlet-guide-vane turning decreased the 
cmreesor   corrected weight flow, and.pressure ra t io ,  and at high speeds 
s l igh t ly  decreased the  efficiency of this cotupressor d o - n g  a steady-stkte 
engine  operating line. .. . ..  .. - 

>.. . .. 

. 
2. Conpressor surge occurred a t  a lower v a l u e  of pressure  ratio and 

corrected weight flow with increased  guide-vane turning a t  a constant 
value of corrected  engine  speea. t 
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c 
3. Guide-vane adjustment  primarily  affected the performance of the 

first stage fo r  the range of  setting angles studied i n  this investigation. 
Increasing the inlet-guide-vane  turning shifted the f i r s t - s tage  performance 
curves toward lower values of flow coefficient,  pressure  coefficient,  and 
temperature  coefficient . 

4. With the inlet guide vanes i n  the open (130) position, the per- 
formance of the second-through-fourth-stage group indicated  an  abrupt 

w 
ul 
rp stall in  the  region of coarpressor operation where poor  engine  accelera- 
CT, t ion  character is t ics  were encountered.  Closing the inlet-guide vane8 

t o  the acceleration  position ( 4 3 O )  eliminated  the abrupt stall charac- 
t e r i s t i c  of this stage group and improved the acceleration  characteris-  
t i c s  of the engine. 

5. Increasing the compressor inlet-guide-vane  turning at constant 
corrected  engine  speed and exhaust-nozzle area decreased  net t h r u s t  
and exhaust-gas  temperature while spec i f ic   fue l  consumption was  increased 
i n  the high speed range of operation. 

6. A t h r u s t  reduction.of 46 percent w&s accomplished a t  rated en- 
gine  speed by closing the guide vanes from the 13O to   the  43O set t ing.  
This same t h r u s t  reduction would require a 15 percent decrease i n  engine 
speed with the guide vanes i n  the open (130) position. 

Lewis Flight  Propulsion  Laboratory 
National  Advisory Cammittee for  Aeronautics 

Cleveland, Ohio, December E, 1954. 
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SYMBOLS 

The following symbols are used i n  thLs report: 

annulus  area, sq f t  

specific heat a t  constant  pressure, Btu/(lb) ( O F )  

rotor  diffusion  factor 

t i p  diameter, in. 

thrust ,  Ib 

acceleration due t o  gravity, 32.17 ft/sec2 

mechanical  equivalent  of heat, 778.26 f t - l b /B tu  

re la t fve Mach number 

engine  speed, r p m  

number of  stages 

total   pressure,  lb/sq f t  

s t a t i c  pressure, lb/sq f t  .. . 

gas constant, 53.35 f t - l b / ( l b )  (%-) 

t o t d  temperature, OR 

mean wheel  speed, f t /sec 

velocity,  ft/sec 

air weight flow,  lb/sec 

. "  

f u e l  weight flow, lb/hr 

gas weight flow, Ib/sec 

pressure-ratio  function 

". . 
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z radius r a t io ,   r a t io  of any radius t o  t i p  radius 

a angle of  attack, deg 
- 

y r a t i o  of specific heats 

turning angle, deg 

w 
% 
m pressure of 2ll6 lb/sq f t  

S r a t i o  of inlet to t a l   p re s sme   t o  MACA standard  static  sea-level 

9 adiabatic efficiency 

8 r a t i o  of inlet total temperature t o  RACA standard  sea-level 
tezqperature  of 518.7O- 

p aensity, (B) (sec2)/ft4 

rp flow coefficient 

qP pressure  coefficient 

qt temperature c o e f f k i e n t  

. Subscripts : 

- c compressor 

e ex i t  

h hub 

i iulet 

ii inlet of preceding  stage 

r rated 

s standaxd 

x axial 
. 

15 

0 f l igh t  condition  or free stream 
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1 engine inlet 

3 coqressor   out le t  

7 exhaust-nozzle inlet 

NACA RM E54L23a 
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APPmM B 

METHOD OF EXPlBIMEl"AL DATA REDUCTION 

Compressor performance. - The over-all  cc~npressor  performance was 
determined frm the withme+ 'cal ly  averaged values of measured t o t a l  
pressure and t o t a l  temperat e  obtafned'frm measurements a t  stations 1 
and 3 as  follows: E cn Air weight flow: 

Adiabatic  temperature-rise  efficiency: 

Stage  performance. - The performance of the individual stage groups . wa8 determined in terms of dimensionless flow coefficient 9 ,  pressure 
coefficient $p, temperature  coefficient qt, ad. adiabatic  efficiency q 
These parameters were calculated from arithmetic radial averages of the 
t o t a l  pressures and temperatures  obtained from interstage  rakes in the 
form of pressure and temperature r a t io s  across each stage group. To 
facilitate  the  calculation  procedure,  the  dhuensionless  stage performance 
parameters were defined i n  term8 of corrected  weight flow and corrected 
speed in addition t0 the pressure and temperature r a t io s  as follows: 

Flow coefficient: 

Since  the annulus &rea. A and mean wheel speed can be  defined 
b i n  terms of the compressor physical dimensions and rotat ive speed, the 

equation  reduced t o  



18 -L NACA RM E54L23a 
a. 

Pressure  coefficient  (per  stage) : .-. - . . . . 
c - -  

w h i c h  upon substi tuting  for U, and l e t t i ng  Y - (Pe/Pi) Y - 1.0 
reduces to 

Adiabatic  efficiency: 

v 

'"T, . 

I 

- - 1.0 
T i  

Tempmature coefficient: 

The bracketed terms in the def w i t i o n s  of the flow and pressure co- 
eff ic ients  (eqs. (B4) e. (B6), respectively) are constants a t  the en- 
trance to a stage f o r  a given compressor and, consequently, it is only 
necessary t o  know the values of corrected weight flaw and corrected speed 
at t h e   i n l e t   t o  the stage or outlet  of the  preceding  stage in  order t o  
calculate  the desired parameters. These corrected values can be calcu- 
la ted from the measured total-pres.sve and -temperature r a t io s  a8 follows: 

. .. 
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- Engine  performance. - The engine  performance data were calculated 
as follows : 

Gas weight f l o w :  

Net thrust :  

where 

Wf wg = w, + - 3 600 

vo = 

where B is  the thrust scale reading and D is the  external drag of the 

ur ing station just upstream of the  compressor bullet-nose shown on f ig -  
ure 2.  

- instal la t ion.  The sLibscript notation 1* i s  used to designate a meas- 

Specif ic   fuel  consumption: 
Wf 
Fn 

sfc * - 
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Figure 1. - Schematic diagrw of altitude test chamber with &ne insta l led  in test section. 
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Figure 2. - Cross-sectional vim of turbojet engine Installation showlng lnstnmentation stations. 
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Figure 3. - Concluded. Canpreeaor performance map. 
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Figure 6. - Radial dietribution of &de-vane turning angle. 
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Figure 7.  = Variation of  angle of attack at t i p  

6f first ro to r  with speed. 
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Figure 12. - Fifth-through-seventh- 
stage perf'ormsnce . 
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stage performance. 
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Figure 15. - Continued. -ne performance maps at altitude 
af 35,000 feet snd flight W h  nlrniber of 0.8. . 
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Figure 15. - Continued. Engine perf‘ormance maps at altitude 
of 35,000 feet and flight Mach nmber of 0.8. 
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Figure 15. - Concluded; Engine performance maps at altitude 
of 35,000 fee t  and flight Mach number of 0.8. 
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Figure 16. - Engine perf'ormemce msp Et rated exhaust-nozzle 
-8, &l.titu& of 35,000 feet,  and fl i& Mach n-r of 
0.8. 
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